Melanoma inhibitory activity (MIA) is a 12-kDa protein that is secreted from both chondrocytes and malignant melanoma cells. MIA has been reported to have effects on cell growth and adhesion, and it may play a role in melanoma metastasis and cartilage development. We report the 1.4-Å crystal structure of human MIA, which consists of an Src homology 3 (SH3)-like domain with N-and C-terminal extensions of about 20 aa each. The N-and C-terminal extensions add additional structural elements to the SH3 domain, forming a previously undescribed fold. MIA is a representative of a recently identified family of proteins and is the first structure of a secreted protein with an SH3 subdomain. The structure also suggests a likely protein interaction site and suggests that, unlike conventional SH3 domains, MIA does not recognize polyproline helices.
M
elanoma inhibitory activity (MIA) or cartilage-derived retinoic acid-sensitive protein (CD-RAP) is a small secreted protein that is normally expressed by cartilage, but is also produced by malignant melanoma (1, 2) . Historically, MIA was identified as a factor secreted from melanoma cells that inhibited their growth in vitro (3). MIA's expression has been observed less frequently in other cancers, and it is not typically expressed in normal melanocytes (4) . Although the pathological function of MIA in malignant melanoma is not known, it has been implicated in metastasis. Some studies have shown that increased plasma levels of MIA are correlated with a more advanced metastatic disease state (5) . Also, increased expression of MIA in melanoma cells enhanced their metastatic potential when injected into hamsters (6) . MIA inhibits the adhesion of melanoma cells to the extracellular matrix in vitro, including matrices composed solely of fibronectin or laminin (7) . Therefore, MIA might function to promote the formation of metastases by inhibiting the attachment of melanoma cells to the extracellular matrix.
In normal tissues, MIA is expressed primarily by chondrocytes. Its expression begins at chondrogenesis and continues through development and in mature chondrocytes, suggesting that MIA is fundamental to the cartilage cell phenotype (8) . Additionally, MIA expression is inhibited in vitro concurrently with repression of cartilage cell phenotype when retinoic acid is added to cartilage cells, hence the bovine homologue is known as cartilage-derived retinoic acid-sensitive protein (CD-RAP) (2) . Here, we describe the 1.4-Å crystal structure of MIA and discuss its implications for the biological function of this protein.
Materials and Methods
Protein Expression and Purification. A synthetic MIA gene was constructed, cloned into the pET3a vector (Novagen), and transformed into the Escherichia coli strain BL21. Unlabeled and selenomethionine-labeled protein were expressed in Mops minimal media (9) where selenomethionine was incorporated as described previously (10) . MIA was refolded from inclusion bodies as follows. Washed inclusion bodies from a 1.5-liter culture were dissolved in 15 ml of 8 M guanidinium hydrochloride͞2 mM EDTA͞50 mM Tris (pH 8.3)͞30 mM DTT. The soluble fraction was added dropwise to 300 ml of 50 mM Tris (pH 8.3)͞5 mM EDTA͞0.6 M guanidinium hydrochloride͞2 mM oxidized glutathione͞1 mM reduced glutathione. The oxidized protein was further purified by ion exchange with SP-fast f low resin (Amersham Pharmacia) at pH 4.5, followed by size exclusion from a HiLoad 26͞60 Superdex 75 column (Amersham Pharmacia). Mass spectral analysis confirmed that MIA retained the initiating methionine, the disulfides were oxidized, and the selenomethionine occupancy was Ͼ99%.
Protein Crystallization and Structure Determination. Hanging drops were prepared by mixing 6 l of MIA at 6.5 mg͞ml in 10 mM acetate (pH 4.5)͞0.02% azide, with 2 l from the reservoir. Native crystals were grown over a reservoir of 100 mM Tris (pH 8.2) and 8% polyethylene glycol (PEG) 8000. The selenomethionine crystal was grown at pH 8.5. The cryoprotectant, 100 mM Tris (pH 8.5)͞20% 2-methyl-2,4 pentanediol͞8% PEG 8000, allowed flash-cooling in liquid N 2 . The crystals belong to the space group P2 1 2 1 2 1 (a ϭ 47.534 Å, b ϭ 48.396 Å, c ϭ 87.774 Å), and contain two MIA molecules per asymmetric unit.
Synchrotron x-ray data were collected from one crystal each of native protein and selenomethionine containing protein ( Table 1) . The structure was determined by using multiwavelength anomalous diffraction (MAD) methods. The automation program ELVES (J.M.H., unpublished material) was used to direct the following programs for all stages of data analysis. Diffraction data were integrated with MOSF LM (11) and scaled with SCALA (12) . Seven selenium sites were found by the program SOLVE (13) , and phases were refined with MLPHARE (12) . Solvent flattening and histogram matching (14) produced a clearly interpretable electron density map within 11 h of data collection. Automatic model building with ARP͞WARP (15) traced 90% of the amino acid residues. The rest of the structure was built manually into the refined electron density map by using the program O (16) . The structure was refined against all native data from 44 Å to 1.4 Å, by using REFMAC (17) . No noncrystallographic symmetry restraints were used in the refinement. The refined model contains 210-aa residues and 212 water molecules. The free-R factor was calculated with 5% of the data (2019 (18) .
Results and Discussion
The crystal structure of MIA was determined by using multiwavelength anomalous diffraction (MAD) analysis of selenomethionine containing protein ( Table 1 ). The MAD-phased electron density map was of high quality. The model was refined against native data to 1.4 Å. The model contains good bond geometry and has 96% of the residues in the most favored region of the Ramachandran plot. The asymmetric unit contained two independent molecules (A and B). The two molecules were extremely similar, with an overall backbone rms deviation of 0.2 Å. The largest structural differences were found at the termini and in the 60s-70s loop, and the electron density was weakest for these regions. The first two residues in molecule B and the C-terminal residue from both molecules had no electron density and were not included in the model.
Overview of the Structure. MIA is a small single-domain globular protein consisting of seven ␤-strands, two short segments of 3 10 helix, and several loops (Fig. 1) . The overall structure is oblong in shape with dimensions of 18 ϫ 18 ϫ 28 Å. Five ␤-strands (␤2-␤6) and the connections between them make up a subdomain that is structurally related to Src homology 3 (SH3) domains. Two antiparallel three-stranded ␤-sheets pack at approximately right angles to each other, and an 18-residue hairpin-like loop, analogous to the Src family of SH3 domains' RT loop, is formed between strands ␤2 and ␤3. Sheet I is formed by strands ␤2, ␤3, and ␤6. Strand ␤3 continues in sheet II, which is formed by strands ␤3, ␤4, and ␤5. These sheets are highly curved, and overall, the SH3 subdomain resembles an open ␤-barrel. The 30s-40s loop, referred to as the RT loop in SH3 domains, and a 12-residue 60s-70s loop, flank one mouth of this barrel. At the opposite end of the structure, MIA has N-and C-terminal extensions to the SH3 subdomain of approximately 20 aa each that wrap around the top of the barrel and build outward, extending the barrel's height and widening the mouth. The extensions add two additional ␤ strands to the top of the SH3 barrel that pair with each other and with strand ␤3. A six-residue loop bounded by a disulfide between Cys-12 and Cys-17 directly follows ␤1 and protrudes into solvent. Eight residues that lack regular secondary structure follow ␤7 and run along the outside face of sheet II from the top of the barrel to the bottom. These residues are constrained by a disulfide bond between Cys-106, the penultimate residue, and Cys-35, which is located at the apex of the 30s-40s loop. The N-terminal residues preceding ␤1 also run along this face of the molecule, whereas residues one and two extend away from the side of the barrel into the solvent.
Comparison to the Src Family of SH3 Domains. MIA is the first structure of a secreted protein that contains an Src-homologous SH3 subdomain. The MIA SH3 subdomain shares sequence similarity with canonical SH3 domains, suggesting that they are evolutionarily related (Fig. 2) . MIA and the closest SH3 homologue, VAV-3, are 35% identical. In addition, many SH3 hydrophobic core residues are conserved (19) . Conventional SH3 domains are found abundantly as modular units of intracellular proteins, and they mediate protein-protein interactions in signal transduction cascades and membrane-cytoskeleton structures through recognition of proline-rich ligands (20, 21) . In contrast, MIA is a single domain-secreted protein with disulfide bonds that contains an SH3 subdomain, and it probably binds to a different class of ligands (see below).
The SH3 subdomain of MIA is strikingly similar to the canonical structure of SH3 domains. The superposition of MIA with the Sem-5 SH3 domain is shown in Fig. 2B . Sem-5 was chosen as a representative SH3 domain because of the primary and tertiary structural similarities between Sem-5 and MIA and because the ligand-bound structure of Sem-5 is known. These superimposed regions include the shared secondary structure elements and contain 37 of the 56 possible ␣-carbon pairs. The rms deviation of the superimposed ␣-carbons is 0.61 Å.
The MIA 30s-40s loop is similar in structure to the RT loop of SH3 domains. The RT loop, a characteristic feature of members of the Src-family of SH3 domains, contains residues that are involved in achieving ligand specificity (21) . The length and composition of RT loops vary, but they typically adopt an irregular antiparallel ␤-hairpin structure. Conserved backbonebackbone and sidechain-backbone cross-strand hydrogen bonds stabilize the loop structure (19, 22) . The 30s-40s loop of MIA is similar in structure to the RT loop and contains two analogous cross-strand backbone-backbone hydrogen bonds between residues 30 and 40, located at its base. However, the 30s-40s loop does not contain the conserved sidechain-backbone crossstrand hydrogen bonds found in many SH3 domains. Instead, MIA has several unique features that stabilize the loop structure. These include the disulfide Cys-35-Cys-106 that tethers the C terminus to the apex of the 30s-40s loop and a network of hydrogen bonds at the apex of the loop. The hydrogen bonds are between residues 34 and 36, between the backbone carbonyl oxygen of Cys-35 and the sidechain of Arg-75, and between the backbone amide of residue 36 and the following possible acceptors: the sulfur of Cys-35, the sulfur of Cys-106, the backbone carbonyl oxygen of Asp-34, and the sidechain of Asp-34 (not shown).
Several other subtle differences between the MIA SH3 subdomain and the Src-family of SH3 domains are apparent. MIA's ␤3 strand is lengthened relative to the corresponding strand in canonical SH3 domains because of additional hydrogen bonds that form between ␤3 and ␤1 (Fig. 2C) . Between ␤3 and ␤4 is the region that corresponds to the n-Src loop in SH3 domains. This loop flanks the ligand binding site of SH3 domains and varies in length and composition (21, 23) , but in most SH3 domains solved to date, the n-Src loop lacks defined secondary structure. In contrast, this region of MIA adopts a 3 10 helix. Between ␤4 and ␤5 is the 60s-70s loop, which corresponds to the distal loop (distant from the binding site) in SH3 domains (21) . The distal loop varies in length and composition, and, in many SH3 domains, it adopts a ␤-turn conformation (19) . The MIA 60s-70s loop is longer than the corresponding loop in canonical SH3 domains, and, in the solution structure, this loop has multiple conformations from amino acid residues 66 to 76 (J.C.L., P.J.D., and J.M.H., unpublished results).
Functional Implications. MIA is a member of a recently identified protein family whose biological functions are only beginning to emerge. We are unaware of any fold that has similarity to the entire molecule, and MIA is the first structure of a secreted protein with an Src-homologous SH3 subdomain. Recently two new paralogs were discovered, otoraplin (OTOR; ref. 24) and TANGO 130 (25) , and a fourth putative paralog, which we will Species are abbreviated as follows: H, human; B, bovine; M, mouse; R, rat; C, chicken; and Bf, bullfrog. Numbering corresponds to human MIA, and the MIA secondary structure is shown. Bullets indicate a conserved patch located on one side of the molecule; these residues are displayed on the MIA structure in B. Stars indicate conserved surface residues on the opposite side of the molecule. These residues are shown on the MIA structure in C. In SH3 domains, the structurally analogous region to that shown in C is the polyproline helix binding site. Signal peptides were predicted by using the program SIGNALP (34) . MIA-2 is predicted by GENSCAN from GenBank genomic sequence 7708219. TANGO 130 sequences are from U.S. patent WO 00͞12762.
refer to as MIA-2, is predicted from human genomic sequences (Fig. 3) . As with SH3 domains, the MIA fold can occur as a domain within a larger protein; however, unlike SH3 domains, the known MIA domains appear only at N-terminal locations in proteins. In the murine variant of TANGO 130, the MIAhomologous portion is at the N terminus of an Ϸ700-aa protein.
Alternatively spliced forms may also exist. For MIA-2, GENSCAN (26) predicts both a long form, with the MIA domain at the N terminus, and a short form consisting of only the MIA domain. The presence of MIA-like modules as isolated domains or as domains within larger proteins suggests the possibility of wide functional diversity.
Of the four paralogs, MIA is the most characterized. Effects on cell growth and adhesion and a localized expression pattern in cartilage and malignant melanoma have been described. MIA has been postulated to competitively mask integrin binding sites by specifically associating with the extracellular matrix proteins fibronectin and laminin, leading to decreased adhesiveness of the connective tissue to melanoma cells (7); however, the experimental data to support this hypothesis have not yet been published. Additionally, the reported in vitro effects on cell growth and adhesion occur at nanomolar concentrations (3, 7) and are consistent with a high affinity receptor-mediated response. However, neither a receptor nor a cell-signaling activity of MIA has been reported. Thus, the biological functions of MIA and the biochemical mechanisms leading to the observed effects remain elusive. As a first step in characterizing the biochemical mechanism of action, we analyzed the molecular surface of MIA to explore its possible ligand interaction site(s). In particular, we considered whether or not MIA might recognize similar ligands as conventional SH3 domains.
The surface of MIA has two large hydrophobic areas that have solvent-accessible surface areas of Ϸ350 Å 2 and 340 Å 2 and several basic patches. The basic clusters are not conserved in the homologues. In contrast, both of the hydrophobic patches contain multiple conserved residues, raising the possibility that these areas may be ligand interaction sites. Indeed, analyses of protein complexes indicate that often one of the most hydrophobic clusters on the surface of a protein is found at the interface (27) .
The larger of the two hydrophobic areas is comprised of residues Pro-20, Met-23, Val-25, Val-45, Tyr-47, Phe-49, Leu-72, Leu-76, and Leu-90, and it is located in a groove between the 60s-70s loop and the conserved Cys-12-Cys-17 loop (Fig. 3B ). Of these residues, only Leu-76, Leu-90, and Phe-49 are conserved as hydrophobic amino acids among MIA homologues, whereas Tyr-47 is conserved in all homologues except for MIA-2. These residues expose about 170 Å 2 of solvent-accessible hydrophobic surface and form a curved strip on the surface of the molecule. Because the conserved patch is comprised of only four residues, it is difficult to predict whether or not it is a ligand recognition site.
The other hydrophobic patch is part of a relatively flat surface between the 30s-40s loop and the first turn of 3 10 helix (Fig. 3C) , and is a likely candidate for a ligand interaction site. This surface corresponds to the polyproline helix binding region in SH3 domains (21) and is the most conserved area of the molecular surface among MIA homologues. The hydrophobic residues include Leu-6, Tyr-30, Pro-33, Phe-37, Leu-58, Phe-59, Pro-80, and Ile-83. All of these are conserved except for Leu-58, which lies on the edge of the patch. The conserved residues expose about 210 Å 2 of solvent-accessible hydrophobic surface. Additionally, four residues at the apex of the 30s-40s loop, 33 PDCR 36 , are strictly conserved. Here Pro-33 contributes to the hydrophobic patch whereas Asp-34 and Arg-36 flank it. This putative MIA ligand binding site lies within a larger platform-like surface which is extended by Ϸ50% relative to SH3 domains. The extension is in the direction that a putative polyproline helix axis would run if MIA bound polyproline helices analogously to SH3 domains.
Although MIA has conserved residues located at the putative polyproline helix binding site, we predict that it has evolved its own distinct mechanism of ligand recognition. Previous structural work has revealed the basis for recognition of left-handed polyproline type II (PPII) helices by SH3 domains (28, 29) . PPII ligands contact conserved SH3 domain residues that form several grooves and ridges (Fig. 4B) . Each of two hydrophobic grooves recognizes one X-P unit of the PPII helix. The hydrophobic grooves are formed by a conserved set of three aromatic residues, Tyr͞Phe, Tyr͞Phe, and Trp, which are arranged approximately linearly on the molecular surface. Similarly, WW domains, which also bind to PPII helices, have two conserved aromatics that form one X-P binding groove, emphasizing the importance of these grooves in PPII helix recognition (30, 31) . In MIA, four of six of the conserved SH3 binding site residues differ from canonical SH3 domains (Fig. 4A) . The four conserved SH3 binding site residues that differ in MIA are a Glu͞Asp and the three aromatics that form the X-P grooves. The substitution of Glu͞Asp by Phe-37 may not affect selection for the PPII helix because this residue is not involved in forming the X-P grooves. Instead, it specifically recognizes a potentially variable side chain of the bound PPII helix (23) . However, the replacements of the Tyr͞Phe, Tyr͞Phe, Trp in SH3 domains by a Gln, Ile, Phe triad in MIA results in a relatively flat molecular surface that lacks complementary packing with polyproline helices (Fig. 4B) . Also, the conservative replacement of Trp by Phe in the Sem-5 SH3 domain has been shown to abolish binding to a polyproline ligand (32) . We also tested the ability of MIA to bind proline-rich peptides by using phage display, as has been done for many SH3 domains (33), but we were unable to identify significant peptide binders out of a biased polyproline helix phage display library (J.C.L., J. D. Kasanov, T.M.H., and B. K. Kay, unpublished results). Together, these data suggest that the constellation of residues in MIA required for receptor or ligand recognition differs from SH3 domains.
MIA is a member of a recently identified family of proteins and is the first structure of a protein with a secreted SH3 subdomain. Despite the striking similarity between the SH3 subdomain of MIA and canonical SH3 domains, MIA most likely does not recognize polyproline helices. MIA has N-and Cterminal extensions that add structural elements to the SH3 domain, forming a previously unobserved fold. The resulting overall fold, its extracellular location, and our structural results suggest that nature has elaborated a common scaffold to create additional functional diversity.
